Community evolution increases plant productivity at low diversity by van Moorsel, Sofia J et al.
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2017
Community evolution increases plant productivity at low diversity
van Moorsel, Sofia J; Hahl, Terhi; Wagg, Cameron; De Deyn, Gerlinde B; Flynn, Dan F B;
Zuppinger-Dingley, Debra; Schmid, Bernhard
Abstract: Species extinctions from local communities negatively affect ecosystem functioning. Ecological
mechanisms underlying these impacts are well studied, but the role of evolutionary processes is rarely
assessed. Using a long‐term field experiment, we tested whether natural selection in plant communities
increased biodiversity effects on productivity. We re‐assembled communities with 8‐year co‐selection
history adjacent to communities with identical species composition but no history of co‐selection (‘naïve
communities’). Monocultures, and in particular mixtures of two to four co‐selected species, were more
productive than their corresponding naïve communities over 4 years in soils with or without co‐selected
microbial communities. At the highest diversity level of eight plant species, no such differences were
observed. Our findings suggest that plant community evolution can lead to rapid increases in ecosystem
functioning at low diversity but may take longer at high diversity. This effect was not modified by
treatments simulating co‐evolutionary processes between plants and soil organisms.
DOI: https://doi.org/10.1111/ele.12879
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-151386
Accepted Version
Originally published at:
van Moorsel, Sofia J; Hahl, Terhi; Wagg, Cameron; De Deyn, Gerlinde B; Flynn, Dan F B; Zuppinger-
Dingley, Debra; Schmid, Bernhard (2017). Community evolution increases plant productivity at low
diversity. Ecology Letters, 21(1):128-137.
DOI: https://doi.org/10.1111/ele.12879
1 
Community evolution increases plant productivity at low diversity 1 
Sofia J. van Moorsel1†, Terhi Hahl1†, Cameron Wagg1, Gerlinde B. De Deyn2, Dan F.B. Flynn1, 2 
Debra Zuppinger-Dingley1 and Bernhard Schmid1* 3 
 4 
1 URPP Global Change and Biodiversity and Department of Evolutionary Biology and 5 
Environmental Studies, University of Zürich, Winterthurerstrasse 190, 8057 Zürich, 6 
Switzerland 7 
2 Department of Environmental Sciences, Wageningen University, Droevendaalsesteeg 4, 6708 8 
PB Wageningen, the Netherlands 9 
 10 
† Shared first authorship 11 
*Correspondence: E-mail: bernhard.schmid@ieu.uzh.ch 12 
Emails of other authors (in order): 13 
sofia.vanmoorsel@ieu.uzh.ch 14 
terhi.hahl@ieu.uzh.ch 15 
cameron.wagg@ieu.uzh.ch 16 
gerlinde.dedeyn@wur.nl 17 
danfbflynn@gmail.com 18 
debra.zuppinger@ieu.uzh.ch 19 
Running title: Community evolution in grasslands 20 
Type of contribution: Letter 21 
Key words: biodiversity, community evolution, co-selection, ecosystem functioning, 22 
grassland species, Jena Experiment, plant productivity, soil organisms 23 
Manuscript information: # words abstract: 149, # words main text: 5000, # references: 50, # 24 
figures: 5, # tables: 1 25 
2 
Data Accessibility Statement: Should the manuscript be accepted, the data supporting the 26 
results will be archived in an appropriate public repository (Dryad) and the data DOI will be 27 
included at the end of the article. 28 
 29 
ABSTRACT 30 
Species extinctions from local communities negatively affect ecosystem functioning. 31 
Ecological mechanisms underlying these impacts are well studied but the role of evolutionary 32 
processes is rarely assessed. Using a long-term field experiment, we tested whether natural 33 
selection in plant communities increased biodiversity effects on productivity. We re-assembled 34 
communities with 8-year co-selection history adjacent to communities with identical species 35 
composition but no history of co-selection (“naïve communities”). Monocultures and in 36 
particular mixtures of two to four co-selected species were more productive than their 37 
corresponding naïve communities over four years in soils with or without co-selected microbial 38 
communities. At the highest diversity level of eight plant species, no such differences were 39 
observed. Our findings suggest that plant community evolution can lead to rapid increases in 40 
ecosystem functioning at low diversity but may take longer at high diversity. This effect was 41 
not modified by treatments simulating co-evolutionary processes between plants and soil 42 
organisms. 43 
  44 
3 
INTRODUCTION 45 
A large number of experiments have shown that species richness positively influences 46 
ecosystem functioning, in particular plant biomass production (Tilman et al. 1997; Balvanera 47 
et al. 2006; Cardinale et al. 2007, 2012; Reich et al. 2012; Meyer et al. 2016). These 48 
biodiversity effects have been explained by selection effects that increase the chance of 49 
including productive species in diverse communities or by complementary effects between 50 
species, which allow mixtures to extract resources from the environment more efficiently 51 
(Loreau and Hector 2001; Roscher et al. 2008; Mueller et al. 2013). Furthermore, diversity-52 
dependent reductions in soil fertility (Fornara & Tilman 2008) or density-dependent 53 
accumulations of specialist pathogens over time (Schnitzer et al. 2011) have been shown to 54 
contribute to decreasing productivity at low plant diversity and in plant monocultures. 55 
In contrast to selection effects, complementarity effects between co-occurring species 56 
have been shown to increase over time (Cardinale et al. 2007; Fargione et al. 2007; Reich et 57 
al. 2012; Meyer et al. 2016). Evidence that this might be due to evolutionary processes in plant 58 
communities has been found in a glasshouse experiment comparing the community-level 59 
performance of plants selected in monocultures vs. plants selected in multi-species mixtures in 60 
newly assembled monocultures vs. two-species mixtures (Zuppinger-Dingley et al. 2014). This 61 
suggests that community evolution may shape diversity–productivity relationship more 62 
generally, which could be tested if entire communities of co-selected plant species would be 63 
compared with communities of the same plant species but without co-selection history (“naïve 64 
communities”). Here, the distinction between the terms “selected” and “co-selected” indicates 65 
that in the latter case the outcome of selection on a set of co-occurring species is assessed in 66 
the context of a test community formed by these species. 67 
Evolution leading to community-level responses, i.e. changed species performances 68 
and interactions due to genetic changes in all or some of the species of the community, has 69 
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been referred to as community evolution (Goodnight 1990). Later, community evolution was 70 
defined as genetically based changes among species constituting the community, which alter 71 
species performances and interactions (Wilson 1997; Whitham et al. 2006). Such evolutionary 72 
changes may occur via genetic recombination, mutations (Anderson et al. 2011), or a sorting-73 
out from standing genetic variation through differential survival and growth of individuals 74 
(Fakheran et al. 2010) and may be due to natural selection or random genetic drift (Wilson & 75 
Bossert 1971). In particular, natural selection can lead not only to changes in gene frequencies 76 
in populations within species, but selection at the level of communities can in addition lead to 77 
correlated changes in gene frequencies in multiple species (Whitham et al. 2006) in response 78 
to one another or to co-varying environmental conditions. Community evolution can be 79 
detected by measurable differences in community-level properties, such as productivity, 80 
between communities of co-selected species and naïve communities (Swenson et al. 2000; 81 
Lawrence et al. 2012; Fiegna et al. 2014). But empirical evidence for community evolution so 82 
far has only been demonstrated in bacterial communities (Lawrence et al. 2012; Fiegna et al. 83 
2014, 2015) and not yet in higher plants. Here we report results from a field experiment where 84 
we tested whether plant community evolution influences plant community productivity. 85 
Recent evidence suggests that selection of particular genotypes from the total genetic 86 
pool of a species may affect ecosystem functioning in field experiments (Strauss et al. 2008; 87 
Lipowsky et al. 2011; Lau & Lennon 2012; Kleynhans et al. 2016; Rottstock et al. 2017). We 88 
propose that co-selection of genotypes from the gene pool of entire communities may affect 89 
ecosystem functioning if non-random niche or trait changes in response to other phenotypes in 90 
the community result in more specialized niches with reduced overlap and a more complete 91 
use of biotope space (Dimitrakopoulos & Schmid 2004; Jousset et al. 2011), thus leading to 92 
increased plant community productivity. We therefore compared the productivity of plant 93 
communities assembled from plants that have co-occurred for eight years in a long-term 94 
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grassland biodiversity experiment (the Jena Experiment, see Roscher et al. 2004) with the 95 
productivity of plant communities of identical species composition, but without any co-96 
occurrence history (“naïve communities”). The naïve plants were obtained from the seed 97 
supplier of the original seeds used to establish the Jena Experiment. We used experimental 98 
plant monocultures and 2-, 4- or 8-species mixtures with twelve different species compositions 99 
for each diversity level. 100 
To explore if (co-)selection of plant species led to changes in trait distributions within 101 
species we used plant height and specific leaf area (SLA) as representative functional traits 102 
(Diaz et al. 2016), which have been used in previous biodiversity experiments (Roscher et al. 103 
2015; Zuppinger-Dingley et al. 2014; Cadotte 2017). Variation in these two traits has been 104 
shown to affect plant community productivity in contrasting ways: whereas low variation in 105 
height is related to asymmetric competition for light and increased productivity via selection 106 
effects, high variation in SLA is related to differential light-use strategies and increased 107 
productivity via complementarity effects (Roscher et al. 2015; Cadotte 2017). As a 108 
consequence, we expected a narrowing/widening of the within-species variation in height/SLA 109 
at low biodiversity due to community evolution. 110 
Plant community evolution in the field may also depend on the local environment, such 111 
as the soils in which co-evolution with soil microorganisms occurs. For instance, plant–soil 112 
feedback experiments have shown that soil biota change in response to different plant species, 113 
which can in turn modify the composition and productivity of plant communities (Klironomos 114 
2002; Kardol et al. 2007). Further, it is thought that negative plant–soil feedbacks may also 115 
incur selection for individuals that are able to reduce antagonistic and improve beneficial 116 
associations with soil organisms (van der Putten et al. 2013; Zuppinger-Dingley et al. 2016). 117 
To assess whether additional co-evolutionary processes between plants and soil organisms 118 
modified plant community evolution, we grew the communities of co-selected plants and naïve 119 
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communities in soils with co-selected soil organisms (native soil) and with external soil 120 
organisms (neutral soil; see Methods and Fig. S1). Community-level plant productivity was 121 
measured each year from 2012 to 2015 by collecting species-specific aboveground biomass at 122 
the time of peak biomass in spring in each soil treatment, whereas the traits plant height and 123 
SLA were measured once in 2015 in the neutral soil only (see Methods). 124 
 125 
METHODS 126 
Study site  127 
The present study was conducted at the Jena Experiment field site (Jena, Thuringia, 128 
Germany, 51˚N, 11˚E, 135m a.s.l.) from 2011 to 2015. The Jena Experiment is a long-term 129 
biodiversity experiment where 60 grassland species have been grown in different combinations 130 
since 2002 (Roscher et al. 2004). 131 
Community-evolution treatment (plant history) 132 
The 48 experimental plant communities of this study included twelve monocultures (of 133 
which one was removed from all analyses because it was planted with the wrong species), 134 
twelve 2-species mixtures, twelve 4-species mixtures and twelve 8-species mixtures. We used 135 
two community-evolution treatments (plant histories); plants with eight years of co-selection 136 
history in different plant communities in the Jena Experiment (communities of co-selected 137 
plants) and plants without such co-selection history (naïve communities). For convenience, we 138 
use the term co-selection also for monocultures with a selection history of eight years in the 139 
Jena Experiment, even though in this case the term could only apply to potential co-selection 140 
with soil organisms. The plant seeds of naïve communities were obtained from the same seed 141 
supplier (Rieger Hofmann GmbH, in Blaufelden-Raboldshausen, Germany) as the seeds used 142 
for the establishment of the original communities of the Jena Experiment. This supplier 143 
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collected plants of the different species at field sites in Germany and propagated them for at 144 
least five years in monoculture, reseeding them every year. Seeds of communities of co-145 
selected plants were produced in an experimental garden in Zurich, Switzerland, from cuttings 146 
that had been made in the Jena Experiment and were then planted in Zurich in the original 147 
species combination in plots fenced with plastic netting to reduce pollination between 148 
communities. To obtain sufficient numbers of seeds from communities of co-selected plants, a 149 
small number was additionally collected directly in the plots of the Jena Experiment. All these 150 
seeds were thus offspring of plant populations that had been sown in 2002 and grown until 151 
2010 in plots of the Jena Experiment. 152 
The seeds of communities of co-selected plants and naïve communities were 153 
germinated in potting soil (BF4, De Baat; Holland) in mid-January 2011 in a glasshouse in 154 
Zurich. In March 2011, the seedlings were transported back to the field site of the Jena 155 
Experiment and planted within 2 x 2 m subplots of the original plots (Fig. S1). There were four 156 
1 x 1 m quadrats with different soil treatments in each (see next section). Each quadrat was 157 
further divided into two 1 x 0.5 m halves. The seedlings of communities of co-selected plants 158 
were transplanted into one half and seedlings of naïve communities into the other half of each 159 
quadrat at a density of 210 plants per m2 (Fig. S1). Species were planted in equal proportions, 160 
but if a species was no longer present in an original plot of the Jena Experiment it was excluded 161 
from both communities of co-selected plants and naïve communities. Five plant species were 162 
excluded in total. 163 
Soil treatment 164 
Within each 2 x 2 m subplot of the 48 plots of the Jena Experiment used for the present 165 
study, the original plant cover was removed in September 2010 and the soil was excavated to 166 
a depth of 0.35 m and sieved. To minimize exchange of soil components between quadrats 167 
within subplots and with the surrounding soil, two 5-cm layers of sand were added to the 168 
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bottom of the plots and separated with a 0.5 mm mesh net. The borders of the quadrats and the 169 
subplots were separated by plastic frames (Fig. S1). Using the excavated original soil from 170 
each of the plots, four soil treatments were prepared. First, half of the soil (approximately 600 171 
kg per plot) was gamma-sterilized to remove the original soil community. Half of the gamma-172 
sterilized soil was then inoculated with 4 % (by weight) of live sugar-beet soil and 4 % of 173 
sterilized original soil of the corresponding plot (“neutral soil” obtained by inoculation). Live 174 
sugar-beet soil was added to create a natural but neutral soil community and was previously 175 
collected in a sugar-beet field not associated with the Jena Experiment, but with comparable 176 
soil properties. The other half of the gamma-sterilized soil was inoculated with 4 % (by weight) 177 
of live sugar-beet soil and 4 % of live original soil of the corresponding plot (“native soil” 178 
obtained by inoculation). The other half of the soil was unsterilized and used for the other two 179 
soil treatments. Half of this soil was filled back into one quadrat of the corresponding plot 180 
(“native soil”). The other half of the unsterilized soil was mixed among all plots and filled into 181 
the remaining quadrats. This fourth soil treatment was abandoned after two years because the 182 
plant community was excavated for another experiment. Therefore, this treatment is not 183 
included in the present study. 184 
Before the soils were added into the quadrats in December 2010, they were rested in 185 
the field in closed bags to allow for the soil chemistry to equalize and to encourage soil biota 186 
of the inocula to colonize the sterilized soil before planting. After the soil was added, all 187 
quadrats were covered with a net and a water permeable black sheet to avoid spilling between 188 
quadrats until the seedlings were transplanted in March 2011. 189 
To test the effectiveness of our soil treatments, we collected soil samples in April 2011 190 
and August 2012 for each quadrat and analysed their fungal communities using terminal-191 
restriction fragment length polymorphism (T-RFLP, see Supporting information). This method 192 
allowed us to establish that fungal communities of the soil treatments remained distinct (Table 193 
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S3). Because such a method does not inform about species identity, the analysis of species- or 194 
even clade-specific co-evolutionary interactions between plants and their associated microbial 195 
communities was beyond the scope of this study. 196 
Data collection 197 
We maintained the test communities by weeding three times a year and by cutting the 198 
plants twice a year at typical grassland harvest times (late May and August) in central Europe. 199 
To measure productivity, we harvested plant material 3 cm aboveground from a 50 x 20 cm 200 
area in the centre of each half-quadrat, sorted it into species, dried it at 70°C and weighed the 201 
dry biomass. 202 
Trait measurements 203 
At the end of the experiment, in May 2015, we measured plant height and SLA for 30 204 
species in neutral soil. For each species, we collected up to 20 representative leaves (depending 205 
on the leaf size of the species) from four individuals and measured the leaf area by scanning 206 
fresh leaves with a Li-3100 Area Meter (Li-cor Inc., Lincoln, Nebraska, USA) immediately 207 
after harvest and determining the mass of the same leaves after drying. 208 
Statistical analysis 209 
We analysed the data from the four spring harvests 2012–2015, which corresponded to 210 
peak aboveground plant biomass values. We analysed plant biomass (g/m2) as a function of the 211 
design variables using mixed models and summarized results in analyses of variance 212 
(ANOVA) tables (e.g. Table 1). Significance tests were based on approximate F-tests using 213 
appropriate error terms and denominator degrees of freedom. The fixed terms in the model 214 
were species richness of the original plots of the Jena Experiment (linear (lSR) and quadratic 215 
contrast (qSR) of the logarithm of plant species richness or factor with 4 levels: facSR), year 216 
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of harvest (linear contrast: linHar), soil treatment (factor with 3 levels: SH), community-217 
evolution treatment (communities of co-selected plants vs. naïve communities: PH as 218 
abbreviation for plant history) and interactions of these. The random terms were plot, quadrat, 219 
half-quadrat and their interactions with year of harvest. Statistical analyses were conducted 220 
using the software R, version 3.2.3 (R Core Team 2015). Mixed models using residual 221 
maximum likelihood (REML) were fitted using the package ASReml for R (Butler 2009). 222 
To compare biomass production between communities of co-selected plants vs. naïve 223 
communities across soil treatments and years and to compare these communities from 2012–224 
2015 with the ancestral communities from 2003–2006, we also calculated relative 225 
productivities in percentage of the mean productivity of communities at the highest diversity 226 
of eight species for each soil treatment x community-evolution treatment x year combination. 227 
We chose the 8-species richness level as reference because there were no productivity 228 
differences between communities of co-selected plants vs. naïve communities at this diversity 229 
level (see Results). Furthermore, we analysed effects of the community-evolution treatment, 230 
calculated separately for each particular species composition x soil treatment x year 231 
combination, using log-ratios of proportional productivity changes between communities of 232 
co-selected plants and naïve communities. In biodiversity experiments, proportional changes 233 
typically differ from absolute changes (and absolute changes expressed relative to a control 234 
level) because of biomass overyielding at higher compared with lower diversity. 235 
To test whether the presence of particular plant functional groups could differentially 236 
affect community evolution, we fitted corresponding contrasts in the analyses of community 237 
productivity. We also analysed the responses of individual species to the community-evolution 238 
treatment. Differential responses between species could mean that community evolution leads 239 
to changes in species abundance distributions, which in turn could lead to changed 240 
productivities. We therefore compared the evenness of species aboveground biomasses 241 
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between communities of co-selected plants vs. naïve communities, species richness levels, soil 242 
treatments and years 2012–2015. 243 
Within-species variation in plant height and SLA was calculated as the within-species 244 
variance component for each community (residual mean square after fitting species). We had 245 
insufficient trait data to test for increased between-species variation in communities of co-246 
selected plants containing a mixture of species. 247 
 248 
RESULTS 249 
Community productivity 250 
 Overall, for each doubling of species richness community aboveground biomass 251 
increased by 100 g·m–2·y–1, a typical value for grassland biodiversity experiments (Hector et 252 
al. 1999) (Fig. 1, Table 1). However, between monocultures and 2- to 4-species mixtures this 253 
increase in productivity was steeper for communities of co-selected plants than for naïve 254 
communities of the same species composition (P < 0.01 for interaction qSR x PH in Table 1). 255 
Communities of co-selected plants were also more productive than naïve communities on 256 
average. Furthermore, productivity increased across years in communities of co-selected plants 257 
but decreased in naïve communities (interaction PH x linHar in Table 1). Because no 258 
differences in productivity between the two community-evolution treatments were found at the 259 
highest species-richness level (Fig. 1), we also analysed the productivity of all communities in 260 
relative terms as percentage of the mean productivity of 8-species mixtures for each plant 261 
history x soil treatment x year combination (Fig. 2 and Fig. S2). This analysis confirmed that 262 
especially 2- and 4-species mixtures of co-selected plants increased productivity relative to 8-263 
species mixtures (see Supporting Information). 264 
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Comparison with ancestor plant communities 265 
To test whether the communities of co-selected plants were already particularly 266 
productive in 2- and 4-species mixtures at the beginning of the Jena Experiment (i.e. when they 267 
were “naïve” communities themselves), we compared the productivity data of 2003–2006 with 268 
the data of 2012–2015. Because productivities were generally higher at the beginning of the 269 
Jena Experiment (Fig. S3a), we used relative productivity (percentage of mean of 8-species 270 
mixtures per year) to standardize for differences in overall productivity between time periods 271 
(Fig. S3b). The plant communities were established on neutral soil in 2002 at the beginning of 272 
the Jena Experiment. We therefore used only data from neutral soil for the period 2012–2015. 273 
The communities of co-selected plants were significantly different in their response compared 274 
to the two types of naïve communities because of their increased relative productivity in 2- and 275 
4-species mixtures (F1,46.5 = 5.73, P = 0.021 for the interaction of plant history with the contrast 276 
“2- or 4-species mixtures vs. others”; Fig. S3b). Differences between the communities of the 277 
naïve ancestors of the co-selected plants and our current re-assembled naïve plant communities 278 
were small and not significant (F1,46.1 = 0.23, P = 0.637 for the interaction of the contrast “naïve 279 
ancestors vs. current naïve communities” with the contrast “2- or 4- species mixtures vs. 280 
others”). 281 
Influence of soil environment 282 
Plant community productivity was initially greater in inoculated soils, which was 283 
reflected in an overall main effect of soil treatment and a significant interaction with year 284 
(Table 1). This was probably caused by the nutrient flush associated with gamma-sterilization 285 
of the soil (Gebremikael et al. 2015). But we found no evidence that our soil treatments 286 
modified the differences in biodiversity effects between communities of co-selected plants and 287 
naïve communities (P > 0.2 for the three-way interactions of contrasts of the logarithm of 288 
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species richness or the 4-level factor of species richness with soil and community-evolution 289 
treatments). 290 
Proportional productivity increases of single species compositions due to community 291 
evolution 292 
Consistent with the results of the overall analysis of productivities, the log-ratios of 293 
productivities between communities of co-selected plants and naïve communities were on 294 
average zero for the 8-species mixtures, that is, the community-evolution treatment did not lead 295 
to a proportional increase in productivity at the highest level of species richness (Fig. 3). 296 
However, whereas the productivity increases found in the overall analysis were largest in the 297 
4-species mixtures (see Fig. 1), the proportional increases were largest in the 2-species 298 
mixtures (Fig. 3). This was due to the overall lower productivity of 2- as compared with 4-299 
species mixtures. Using contrasts between the different diversity levels, we could confirm that 300 
the three low diversity levels were significantly different from the 8-species mixtures (F1,37.1 = 301 
5.34 and P = 0.026). Among the three low diversity levels, the 2-species mixtures had 302 
significantly greater log ratios than 4-species mixtures and monocultures (F1,39.2 = 4.44, P = 303 
0.042). Comparing 2-species mixtures and monocultures, 2-species mixtures had significantly 304 
greater log ratios than monocultures (F1,41.7 = 4.247, P = 0.046). 305 
Influence of functional groups, responses of individual species and evenness 306 
Next, we tested whether the presence of particular plant functional groups influenced 307 
the increase in productivity in communities of co-selected plants at the 2- and 4-species 308 
richness levels; especially as legumes are known to drive over-yielding in grasslands (Spehn et 309 
al. 2002). The presence of legumes and other plant functional groups did not provide any 310 
further explanation for our results. Species-level productivity within communities was higher 311 
for the majority of plant species with a co-selection history, irrespective of functional-group 312 
identity (Fig. 4). Naïve communities showed marginally more even species abundance 313 
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distributions (Table S2), mainly due to the lower evenness of communities of co-selected plants 314 
in the unsterilized native soil treatment (Fig. S4). Over the course of the experiment, evenness 315 
decreased similarly in communities of co-selected plants and naïve communities (Table S2). 316 
Within-species trait variation 317 
Finally, we analysed changes in within-species trait variation along the species richness 318 
gradient as a potential mechanism contributing to the difference in productivity between 319 
communities of co-selected plants and naïve communities (Roscher et al. 2015; Cadotte 2017). 320 
Within-species variation in plant height was marginally reduced at low diversity in 321 
communities of co-selected plants compared with naïve communities (Fig. 5a; F1,73.3 = 3.187, 322 
P = 0.078 for the interaction of log species richness with plant history). In contrast, within-323 
species variation in specific leaf area (SLA) was increased at low diversity for communities of 324 
co-selected plants and decreased for naïve communities (Fig. 5b; F1,69.2 = 4.87, P = 0.031 for 325 
the interaction of log species richness with plant history). 326 
 327 
DISCUSSION 328 
Our results show that eight years of community evolution in a biodiversity experiment 329 
can increase biodiversity effects on community productivity, suggesting that this may at least 330 
in part explain why biodiversity effects commonly increase over time in such experiments 331 
(Cardinale et al. 2007; Fargione et al. 2007; Reich et al. 2012; Meyer et al. 2016). The greater 332 
productivity in communities consisting of co-selected plants compared with communities 333 
consisting of naïve plants was particularly evident in communities comprised of two or four 334 
species whereas 8-species mixtures with and without co-selection history on average showed 335 
the same productivity. It is conceivable that selection pressure was dampened in communities 336 
where more than four species co-occurred. For instance, during initial establishment in a 337 
diverse community, each individual can have a very different set of immediate neighbours that 338 
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could constrain the consistency in the selection pressure on individuals within a community. 339 
With fewer species in a mixture, the potential for the evolution of increased complementarity 340 
between plant species should be greater, given the relative constancy of the neighbours any 341 
given plant experiences. The greater proportional increase of productivity in communities of 342 
co-selected plant species at the 2- than at the 4-species richness level, and the absence of such 343 
an increase at the 8-species richness level, are compatible with the idea that evolution for co-344 
adaptation is stronger at low than at high diversity. As suggested by Cardinale et al. (2012), 345 
there might be an upper limit of species richness beyond which selection is unlikely to 346 
strengthen biodiversity effects. Additionally, community evolution leading to increased plant 347 
growth and productivity in diverse mixtures may be at the expense of reduced pathogen defence 348 
(Lemmermeyer et al. 2015). 349 
The performance of the naïve communities in the current study over the four years was 350 
comparable to the initial performance of the ancestral community of the co-selected plants 351 
(2003–2006). This similarity supports the view that the observed results at 2- and 4-species 352 
richness levels in communities of co-selected compared with communities of naïve plants are 353 
likely due to diversity-dependent community evolution. Indeed, the naïve communities did not 354 
catch up with the communities of co-selected plants during the course of the current experiment 355 
and differences in productivity from 2012 to 2015 even increased between the two community-356 
evolution treatments (see Fig. 2). This suggests that in our study community evolution was not 357 
solely due to an immediate sorting out of genotypes from standing variation within species 358 
(Fakheran et al. 2010) during seedling establishment and initial growth. However, differential 359 
responses of individual species to the community-evolution treatments (see Fig. 4) could have 360 
caused the marginally decreased evenness of species abundance distributions in communities 361 
of co-selected plants. Thus, abundance shifts between species could have contributed to the 362 
higher productivities of communities of co-selected plants at intermediate diversity levels or 363 
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they might have contributed to avoid reduced productivities of naïve communities at the 364 
highest diversity level. A further driving force behind community evolution for greater 365 
productivity at low diversity may have been strong responses of particular functional groups 366 
or functional group combinations to co-selection (Zuppinger-Dingley et al. 2014). There was, 367 
however, no evidence for any functional-group specific effect typically found in other contexts 368 
of biodiversity–ecosystem functioning research (Hooper & Vitousek 1997; Spehn et al. 2002). 369 
Intraspecific variation in plant height was smaller and intraspecific variation in SLA 370 
was larger at low diversity in communities of co-selected plants than in naïve communities (see 371 
Fig. 5), a result in line with previous findings regarding effects of interspecific variation in 372 
these traits on community productivity (Roscher et al. 2015; Cadotte 2017): because plant-373 
height related competition for light is asymmetric variation in this trait does not increase 374 
complementarity and productivity in plant stands but variation in SLA can do so because it is 375 
related to differential light-use strategies. Our results suggest an evolutionary narrowing of 376 
height-related niches and an evolutionary broadening of SLA-related niches in monocultures 377 
and low-diversity mixtures in (co-)selected plants. At higher diversity this trend was reversed 378 
(see Fig. 5), perhaps because here intraspecific variation is relatively less important than 379 
interspecific variation. For example, the narrowing of within-species variation in SLA with 380 
increasing diversity in communities of co-selected plants is an expected consequence of 381 
character displacement between species (Zuppinger-Dingley et al. 2014). In contrast, the 382 
increasing within-species variation in SLA with increasing diversity in naïve communities (see 383 
Fig. 5b) may have been caused by a more heterogeneous biotic environment at high diversity. 384 
Because our assessment of plant functional traits was limited to two traits measured at the end 385 
of the experiment, the above interpretations can only hint at some mechanisms potentially 386 
underpinning the observed effects of our community-evolution treatment on community 387 
productivity. As pointed out for example by Cadotte (2017), multivariate trait variation may 388 
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be more important than variation in any particular trait in particular for complementarity 389 
effects. 390 
 Our community-evolution treatment also led to increased productivity in monocultures, 391 
where plants could not have been co-selected with other plant species but only with soil 392 
organisms. This would be consistent with an earlier finding from the Jena Experiment that 393 
showed a reduction of negative plant–soil feedbacks in plants that had been grown for 8 years 394 
in monoculture compared with plants that had been grown in mixtures (Zuppinger-Dingley et 395 
al. 2016). There was a slight indication that naïve plants where initially less negatively affected 396 
in neutral than in native soil but over time showed increased negative effects (see Fig. 2), 397 
possibly due to accumulation of soil pathogens (Schnitzer et al. 2011). An alternative but not 398 
mutually exclusive explanation for the higher productivity of monocultures of (co-)selected 399 
plants than naïve plants could be the evolution of increased resource-uptake niches within 400 
species as indicated in the previous paragraph (Bazzaz 1996): assuming a correlation between 401 
resource-uptake and trait-based niches (Roscher et al. 2015), the increase in within-species 402 
variation in SLA (and the decrease in within-species variation in plant height) in monocultures 403 
of selected plants would be consistent with this explanation. 404 
Positive plant diversity–productivity relationships may not only be driven by 405 
complementary resource use, and thus increased performance at high diversity (Roscher et al. 406 
2008; Mueller et al. 2013), but also by pathogen accumulation in the soil and thus reduced 407 
performance at low diversity (Schnitzer et al. 2011). Previous studies in the context of 408 
biodiversity–ecosystem functioning research have reported negative plant–soil feedbacks in 409 
native as opposed to neutral soils (Klironomos 2002; Petermann et al. 2008; Cortois et al. 410 
2016). Consequently, an increase of biodiversity effects during community evolution could 411 
also be due to the presence of co-selected soil biota. In our study, however, the outcome of the 412 
community-evolution treatment in mixtures was largely independent of the presence of co-413 
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selected soil biota. It is conceivable that co-evolution of plants with soil biota in our 414 
experimental systems was not effective because the large population sizes and short generation 415 
times of most soil organisms contributed to the re-assembly and fast evolution of soil 416 
communities (Lau & Lennon 2012). 417 
Changes in the performance of individual species selected at different species-richness 418 
levels and tested under experimental abiotic or biotic conditions have been observed in 419 
previous studies (Lipowsky et al. 2011; Zuppinger-Dingley et al. 2014; Kleynhans et al. 2016; 420 
Rottstock et al. 2017). Here, we demonstrated that changes in the performance of entire plant 421 
communities over time depend on a history of co-selection among the plant species of the 422 
assembled mixtures. We suggest that these changes are the result of community evolution 423 
because they were maintained through seed production in an experimental garden and 424 
propagation of seedlings in a glasshouse to the replanting of communities in the field. However, 425 
we cannot exclude maternal carry-over and epigenetic changes (Verhoeven et al. 2016) as 426 
additional potential evolutionary mechanisms. The observed effects of our community-427 
evolution treatment could have been due to co-selection between the species within each 428 
particular community composition. Alternatively, in a more general process, “diffuse” co-429 
selection may have increased the ability of species to grow with any other species. Considering 430 
the large residual variation among the productivity responses of the particular community 431 
compositions (see Fig. 3), a mixture of mechanisms seems likely. Nevertheless, that the naïve 432 
plants were generally poorly adapted to grow with other species or under the abiotic conditions 433 
at the field site would not be consistent with their equally high community productivity as that 434 
of co-selected plants in 8-species mixtures. 435 
Independent of the mechanism, our findings of positive effects of community evolution 436 
on community productivity suggest that for the conservation of biodiversity and its beneficial 437 
influence on ecosystem functioning and services it may be best to preserve plant species in a 438 
19 
community context rather than in separation from other plant species (and soil biota). Where 439 
only the latter is possible, we recommend that populations from communities of particular 440 
species compositions are nevertheless kept separate to later re-assemble these communities 441 
with those populations that have evolved together. 442 
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 640 
Figure 1 Productivity of communities of co-selected plants (dashed lines, open circles) and 641 
naïve communities (solid lines, closed circles). In communities of co-selected plants the 642 
increase in productivity from monocultures to 2- and 4-species mixtures was stronger than in 643 
naïve plant communities (see Table 1). Main panel: quadratic response curves, averaged over 644 
four years. Points are predicted means and standard errors derived from a mixed model 645 
including fixed-effects terms for species richness as 4-level factor and community-evolution 646 
treatment and random-effects terms for plot, quadrat, half-quadrat and interactions of these 647 
with year of harvest (see Methods). Inset panel: separate quadratic response curves for years, 648 
with darker colors representing later years.  649 
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 650 
Figure 2 Relative productivity (% of mean of 8-species mixture) of communities of co-selected 651 
plants (dashed lines, open circles) and naïve communities (solid lines, closed circles) in 652 
monocultures and 2- and 4-species mixtures in (a) neutral soil (sterilized soil with neutral 653 
inoculum) (b) native soil obtained by inoculation (sterilized soil with neutral inoculum and 654 
inoculum of co-selected soil biota from original plots) and (c) native soil (unsterilized soil with 655 
co-selected soil biota from original plots). Raw means and standard errors are shown (for 656 
significances see Table S1). 657 
  658 
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 659 
 660 
Figure 3 Log ratio of productivity in communities of co-selected plants (bmselected) and 661 
productivity in naïve communities (bmnaïve) averaged over four years and three soil treatments. 662 
In 8-species mixtures, productivity did not differ between communities of co-selected and 663 
naïve plants (ratio=0). Especially in 2- and 4-species mixtures, but also in monocultures, 664 
communities of co-selected plants produced more biomass than naïve communities. Means and 665 
standard errors are shown. Raw data are plotted in the background. 666 
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 667 
 668 
Figure 4 Log-transformed species biomass ratios between co-selected and naïve plants. The 669 
majority of plant species attained greater aboveground biomass in communities of co-selected 670 
plants compared with naïve communities. The studied plant species belong to three different 671 
functional groups: grasses (white bars), herbs (light grey bars) and legumes (dark grey bars). 672 
Data are for each species averaged over four years, three soil treatments, four species-richness 673 
levels and species compositions within richness levels (n = 32–352). Three species with n < 32 674 
were excluded from the analysis (Anthriscus sylvestris, Campanula patula and Cardamine 675 
pratensis). The stars represent P-values < 0.05 for species tested separately.  676 
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 677 
 678 
Figure 5 Within-species variation in plant height (a) and specific leaf area (SLA) (b) for 679 
communities of co-selected plants and naïve communities at the end of the experiment in 2015 680 
in neutral soil. In monocultures within-species variations in height/SLA (measured as the 681 
within-species variance component in analysis of variance) were smaller/larger for co-selected 682 
than for naïve plants and these differences decreased with increasing species richness. Open 683 
circles and dashed line refer to communities of co-selected plants, closed circles and solid line 684 
refer to naïve communities. 685 
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Table 1 Result of mixed-effects ANOVA for the aboveground biomass of the test 687 
communities. Significant effects are shown in bold font. 688 
 689 
Source of variation nDf dDF F P 
Linear log-richness (lSR) 1 43.6 21.47 < 0.001 
Quadratic log-richness (qSR) 1 43.7 1.059 0.309 
Soil history (SH) 2 89.6 19.64 < 0.001 
Plant history (PH) 1 133.5 22.48 < 0.001 
lSR × PH 1 132.2 0.33 0.568 
qSR × PH 1 133.4 7.40 0.007 
Linear Harvest (linHar) 1 45.9 0.59 0.446 
SH × linHar 2 91.9 6.93 0.002 
PH × linHar 1 140.0 5.489 0.021 
 690 
Note: nDF = numerator degrees of freedom, dDF = denominator degrees of freedom, F = 691 
variance ratio, P = probability of type-I error. 692 
